Abstract
Introduction 30
Running-in is an important term used in the field of tribology. Due to the complexity and 31 diversity of the phenomena occurring in this period various definitions of the term can be found 32 in the literature (1). As described by Blau (2) , running-in is a combination of processes that 33 occur prior to the steady-state when two surfaces are brought together under load and with 34 relative motion, and this period is characterized by changes in friction, wear and physical and 35 chemical properties of surfaces. During the running-in period, surface micro topography is 36 subjected to various changes. In boundary and mixed lubrication conditions, the height of the 37 asperities of rough surfaces normally decrease (3-6). However, in the case of very smooth 38 surfaces, an increase in the roughness value is observed (7, 8) . During the process of change in 39 the roughness of the surfaces, load carrying capacity is increased due to the gradual 40 development of asperity-level conformity. The increase in the conformity of the surfaces is 41 significant as peaks and valleys of the surfaces correspond to each other, and the overall 42 performance of the system is improved (9-11).
43
Predicting changes in the topography of contacting bodies is important for designers to be able 44 to predict the mechanical and chemical behaviour of surfaces in loaded tribological systems.
45
The roughness of operating surfaces influences the efficiency of mechanical parts. In the 46 design of machine elements and selection of materials, the film thickness parameter, known as 47 the ratio, which is a representation of the severity of the contact, is important (12). Its value 48 is inversely proportional to the composite roughness of the two surfaces in contact. It is also 49 widely reported that fatigue life of bearing components is dependent on their functional 50 surfaces' characteristics, such as roughness. Optimization of the surface roughness can help in 51 increasing the lifetime of bearings based on their applications (13, 14) . Surface roughness can 52 enhance stress concentrations that can lead to surface-initiated rolling contact fatigue (15).
53
Therefore, it is important to be able to predict the surface topography changes in a 54 tribologically-loaded system.
55
The changes in topography can be either due to plastic deformation of the surface asperities or 56 due to removal, loss or damage to the material, which is known as wear. Evaluating wear in 57 boundary lubrication has been the subject of many studies. There are almost 300 equations for 58 wear/friction in the literature which are for different conditions and material pairs but none of 59 them can fully represent the physics of the problem and offer a universal prediction (16, 17) .
60
Some examples of these models are the Suh delamination theory of wear (18), the Rabinowicz 61 model for abrasive wear (19) and the Archard wear equation (20, 21) . Wear occurs by different 62 interfacial mechanisms and all these mechanisms can contribute to changes in the topography.
63
It has been widely reported that third body abrasive particles play an important role in changes 64 in the topography of surfaces. There are several parameters that govern the wear behaviour in 65 this situation such as wear debris particle size or shape, configuration of the contact and contact 66 severity etc. (22) (23) (24) . It was reported by Godet (25) showed that the wear rate in this situation is about ten times less than two-body abrasive wear.
71
It was reported by Williams et al. (27) that lubricant is used to drag the wear debris inside the 72 interface and the abrasive wear action then depends on the particle size, its shape and the 73 hardness of the materials. They reported that a critical ratio of particle size and film thickness 74 can define the mode of surface damage. Despite the importance of a three-body abrasive wear 75 mechanism there is no comprehensive mechanistic model to describe such a complicated 76 mechanism. In the mild wear regime in lubricated contacts the effect of third body abrasive is 77 often assumed to be insignificant.
78
Most of the work in the literature is based on using the well-known Archard wear equation to 79 evaluate wear in both dry and lubricated contacts. Archard's wear equation in numerical models, which resulted in reasonably good agreement with experimental results, the effect of lubrication and lubricant properties was neglected.
96
Recently, there have been some attempts to consider the lubrication effects in boundary 97 lubrication modelling that could affect modifications to Archard's wear equation.
98
Bosman & Schipper (48) proposed a numerical model for mild wear prediction in boundary 99 lubricated systems. They assumed that the main mechanisms that protect the boundary 100 lubricated system are the chemically-reacted layers and when these layers are worn off, the 101 system will restore the balance and the substrate will react with the oil to re-establish the 102 tribofilm. They also proposed a transition from mild wear to more severe wear by making a 103 complete wear map. In another recent work by Andersson et al. (49) , contact mechanics of 
116
A range of experimental work has investigated changes in surface roughness during 117 tribological contacts. Karpinska (7) studied the evolution of surface roughness over time for showed that roughness evolution of contacting surfaces might have different patterns for both 124 surfaces, depending on several parameters.
126
Despite the importance and the attempts in the literature to monitor and predict the roughness 127 evolution of surfaces, there is no reported work that addresses the effect of tribochemistry.
128
However, a modelling framework has recently been developed by the authors (52), (53) 
Numerical model

148
The numerical model used in this work is the one reported by the authors in Ref (52) 
183
The model is based on the contact model by Sahlin et al (56) . The surfaces move relative to 184 each other and the slide-to-roll ratio determines the speed of the movement of surfaces.
185
Therefore an asperity of one surface can contact with a number of asperities on its way. The 186 movement of surfaces is periodic and is carried out by shifting the elements of matrices 187 containing the values for the asperity heights.
188
The thermal model used to calculate the flash temperature is based on the Blok theory (57). It 189 is obtained from calculation of the frictional heating. It should be noted that only the maximum 190 temperature is important in this work and using Blok's theory seems reasonable. The 191 formulation used in this work is based on the equations reported in Kennedy and Tian (58, 59) . detailed discussion can be found in the previous work (52).
212
At this point it is important to distinguish between the wear of the tribofilm, which is captured 213 by the 'partial removal' term in Equation (1), and the wear of the substrate itself. Henceforth was determined from X-ray photoelectron spectroscopy analysis.
224
In the present work, the link between the substrate wear and the tribofilm takes a different form.
225
The details are explained elsewhere (53) but, in brief, the wear model is a modified version of
226
Archard's wear equation in which the wear coefficient is related to the local tribofilm thickness.
227
The local wear depth of each point at the surface is given by: shows a flow chart of the numerical model. 
Experimental setup
245
The tests were carried out using a Micropitting rig (MPR) which is shown schematically in and the rings can be ground and/or honed and finished to any desired roughness on the surface.
253
With this configuration, the roller accumulates loading cycles 13.5 times faster than any of the 254 three rings during a test. The oil is carried into the contact by the two bottom rings, creating 255 the conditions of fully lubricated contact -depending, of course, on the desired lubrication 256 regime.
257
The maximum load that can be applied on the machine is 1250 N, corresponding to a maximum
258
Hertzian pressure of 2.75 GPa, which is high enough for bearing studies. The temperature can 259 be controlled up to 135ºC and the maximum tangential speed is 4 m/s.
260
The roller and rings are driven by two independent motors, which means that a controlled slide- Table 1 .
265
The oil temperature, load, speed and slide-to roll ratio were maintained constant during the 266 experiments. The roughness was changed (on the rings only), to simulate different lubrication 267 conditions.
268
Over a given experiment duration, the number of rolling cycles experienced is different for the 269 roller and the rings; in fact each cycle of the rings corresponds to 13.5 cycles of the roller.
270
The lubricant used was a synthetic model oil (poly-alpha-olephine, PAO) mixed with 1% 
298
After each test, the samples were cleaned in an ultrasonic bath with petroleum ether for 5 299 minutes and then the roughness was measured using White Light Interferometry (Wyko 300 NT1100). As shown in other work (50), the presence of a tribofilm can interfere with the 301 measurements of roughness using White Light Interferometry. The roughness of interest is the 302 roughness of the steel surface and to be able to measure it, the tribofilm had to be removed.
303
The technique consisted of covering the wear track with a drop of ethylenediaminetetraacetic the three rings were monitored with time. Figure 3 shows example roughness profiles.
310
The morphology of ZDDP-derived reaction layers was observed with a Zeiss Supra 55 
327
The profile of the chemical composition of the ZDDP-derived tribofilm were obtained by using
328
an Ar+ ion gun source with an energy of 2 keV, 22 mm 2 area, 10 µA sputter current and 60s 329 of waiting time before spectra acquisition. The sputtering rate for the tribofilm was found to be 330 4.5 nm/min using optical profilometry and measuring the wear depth after 10 min of sputtering.
331
Sputtering depth profiles were processed by using MultiPack™ Software (version 8.3,
332
ULVAC-PHI Chanchassen, MN, USA), and the reaction layer thickness was defined as the 333 thickness where the atomic concentration of O1s signal is less than 5% for steel samples. The 334 sputtering time provides the measures of layer thickness.
335
The surface composition and morphology was analyzed by X-ray photoelectron spectroscopy
336
(XPS) and scanning electron microscopy (SEM) coupled with energy-dispersive X-ray 337 spectroscopy (EDX) before roughness measurements.
338
The specimens used were made of steel AISI 52100 (chemical composition shown in numbers of loading cycles that result in the evolution of surface topography. In principle, the 349 study area should cover at least several wavelengths of the surface in order to be reasonable.
350
For the surfaces used in this work, an average wavelength of 15 to 20 µm was identified. following that. Hence over the first 100 load cycles, the geometry was updated after every 367 loading cycle. Thereafter the geometry was modified after every 100 loading cycles to increase 368 the time efficiency of the simulations.
369
The numerical model follows a semi-deterministic approach so that some parameters in the and to allow selection of a reasonable set of calibration parameters in the absence of specific 400 experimental data (see Ref (62)). 
401
403
The growth of the tribofilm is assumed to occur only at contacting asperities. Therefore the variation is assumed to be between 2 and 6 GPa, changing linearly from the surface to the 415 substrate. This is a gross assumption but, given the lack of experimental data on the specific 416 form of this variation, it seems reasonable. In addition, the elastic properties of the tribofilm 417 also vary from the surface to the bulk and this variation is related to hardness variations (72).
418
Once the tribofilm, which is a solid-like material, forms on the contact asperities, the deformed. Point 2 is selected to be the end of the experiments (after 100 kcycles of the roller).
442
These points are selected and indicated in Figure 4 as reference times that are used in Figure 5 443 and Figure 6 to study the difference in the surface topography and tribofilm formation, 
Experimental results
478
The roughness evolution of the MPR roller and the three different rings obtained by the method 479 described in Section 3 is shown in Figure 7 . The figure shows that when the roughness of the 480 rings is higher, longer running-in will occur which delays the tribofilm build up and the surface 481 modifications at the beginning are very similar to those found without the presence of additives.
482
With smoother surfaces, the roughness modifications decrease because of the formation of a 483 tribofilm. When the contact is in the EHL regime ( rings=100 nm), the process is mainly conditions. It can be compared to the numerical results of Figure 6 and a similar pattern can be 519 observed. The image is taken at the end of the experiment in the boundary lubrication regime 520 when the initial roughness of the ring was rings=600 nm.
521
XPS analysis performed on the tribofilm showed the oxygen signal with two different peaks.
522
According to the literature, these peaks belong to two different oxygen types: the main peak at 
533
According to previous studies (68), the tribofilm is composed of phosphate chains, the length 534 of which can be determined by the ratio between bridging oxygen and non-bridging oxygen 535 (76). As Figure 11 shows, in this case, the ratio is approximately 0.25, which corresponds to In this specific contact configuration, it is observed that the higher loads change the surface 565 roughness more than the lower loads, which is consistent with the expected higher plastic 566 deformation. Clearly the load does influence the evolution of the surface roughness, but the 567 differences in the magnitude of plastic deformation are not significant as can be seen from the 568 results in Figure 12 . For instance, doubling the contact pressure from 1 to 2 GPa results in a 569 difference in roughness of around 60 nm, or about 12%, at 7000 cycles of the rings. The same 570 pattern in results were reported by Wang et al (79) and also confirmed by Jamari (80). shown in Figure 13 . The hardness of the contacting bodies influences the elastic-plastic 574 behaviour and directly affects the time changes in the surface topography. Because the contact 575 code formulation was developed for similar materials, the hardness mentioned here was the 576 hardness of both contacting surfaces. In this study, the hardness variation was from 4 GPa to 577 12 GPa. It can be seen from the results that the harder materials experienced less plastic 578 deformation and also less variation in topography due to either plasticity or wear. As mentioned 579 in the numerical model of Section 2, the material hardness is the criterion for plastic flow. 
